In this work, the Wind Energy Conversion Systems (WECS) based on doubly fed induction generator (DFIG) model is built. First, we consider the vector control strategy of the active and reactive powers in order to ensure an optimum operation. The whole system is presented in d-q-synchronous reference frame. After, the design of Adaptive Fuzzy Gain Scheduling of Proportional Integral Controller (AFGPI) for WECS is described, where the optimization by Fuzzy rules is utilized online to adjust the parameters of PI controller based on the error and its first derivative. Finally, the control of the active and reactive power using fuzzy-PI controller is simulated using software Matlab/Simulink, studies on a 1.5 MW DFIG wind generation system compared with conventional proportional integral controller. Performance and robustness results obtained are presented and analyzed.
Introduction
Nowadays, there is a growing demand for renewable energy to generate electricity in order to avoid environmental issues derived from the exploitation of fossil fuels (oil, gas, coal). Wind power is one of the cleanest sources of renewable energy that allow producing the green energy. The wind generation system based on a doubly fed induction generator (DFIG) is employed widely in large wind farms that have many advantages: very high energy efficiency, robust sensorless operation [1] [2] as well as easy exploitation and control [3] . In addition, the power converter is usually rated at 25-30% of the generator power rating [4] [5] [6] [7] . For such several advantages, this machine has generated a lot of curiosity on the part of researchers who have tried to develop strategies to better exploitation of strong points [8] .
The conventional proportional integral controller (PI) is widely used in the control of DFIG because of its simple structures and good performances. The problem that arises with the PI controller is that his parameters are initially calculated according to the DFIG parameters. But in practice, the machine parameters change inevitably during the time. To overcome the disadvantages this paper proposes a combination between fuzzy logic and PI controller, where the PI parameters can be adjusted online by an adaptive mechanism based on a fuzzy logic. A parameter adjustment method of PI controller with fuzzy logic was developed and used to find the optimal values of PI parameters. The simulation results show that the proposed controller provides better performance and good robustness compared with conventional PI controller.
The paper is organized as follows. Section 2, describes the modeling studied system. The various control algorithms for optimal turbine operation and control of active and reactive power will be presented in section 3. The synthesis of the two controllers and their performance are compared in section 4. The results of simulations obtained are presented and discussed for validating the proposed controller in Section 5. Finally, a conclusion is drawn in section 6. 
Nomenclature

Wind Turbine System Modeling
The studied system shown in Fig.1 is constituted of the turbine, the gearbox and the DFIG. The DFIG is connected directly to the grid via its stator but also via its rotor by means of the static converters to allow an exchange of energy between the network and the DFIG at the speed of synchronism. The two converters, network side and DFIG side, are controlled by Pulse Width Modulation (PWM) [9] . Through the bidirectional static converters, the DFIG can work in sub-synchronous and super-synchronous modes. Since the converters are designed for a power of 25-30% of the nominal power of the DFIG [10] . 
Turbine Modeling
The theoretical power produced by the wind is given by [11] [12] [13] :
. .
(1)
Where C p denotes power coefficient of wind turbine, its evolution depends on the blade pitch angle ( ) and the tip- [14] :
From summaries achieved on a wind of 1.5 MW, the expression of the power coefficient for this type of turbine can be approximated by the following equation [15, 16] : 
P s
The aerodynamic torque expression is given by [14] :
.
The gearbox is installed between the turbine and the generator to adapt the turbine speed to that of the generator:
The friction, elasticity and energy losses in the gearbox are neglected.
The mechanical equations of the system can be characterized by:
With, = +
Modeling the DFIG with stator field orientation
The Park model of DFIG is given by the equations below [16] [17] [18] [19] :
As the d and q axis are magnetically decoupled, the stator and rotor flux are given as:
With: = + = +
The active and reactive powers are defined as:
The DFIG model is presented in synchronous dq reference frame where the d-axis is aligned with the stator flux linkage vector , and then, ( = 0, = ) [13, 19] . In addition, considering that the resistance of the stator winding ( ) is neglected and the grid is supposed stable with voltage and synchronous angular frequency ( ) constant what implies = , the voltage and the flux equations of the stator windings can be simplified in steady state as [17] [18] [19] [20] [21] :
Hence, the relationship between the stator and rotor currents can be written as follows:
From the equations (11) and (15), we can write:
By replacing the equations (14), (16) in (8), (9) the stator and rotor voltages are then simplified to:
Where:
By replacing (14) , (15) in (12), (13), the equations below are expressed:
The electromagnetic torque is as follows [16] :
Wind Turbine Control System
In this section two control loops are presented: control loop of the electric generator via the rotor side converter and control loop of the aeroturbine without speed control that provides the reference inputs of the first loop. And second, to design a Fuzzy-PI controller in order to control active and reactive power. As seen in Fig. 3 , the control loops will be considered separately. 
MPP Control
The control system of DFIG wind turbine assures the variable speed operation that maximizes the output power for a wide range of wind speeds. The power extracted from the wind is maximized when the rotor speed is such that the power coefficient is optimal C . Therefore, we must set the tip speed ratio on its optimal value opt , so that turbine blade can capture the maximum of the wind power. The electromagnetic torque reference determined by MPP control power is thus expressed by the following equation [22, 23] 
Rotor side Converter Control CNV1
The rotor side converter CNV1 permits to control active and reactive powers produced by the DFIG. It is controlled by acting on the direct and quadrature components of the rotor voltage. It enables the decoupled control of active and reactive powers. Furthermore, equation (20) and (21) demonstrate that the electromagnetic torque and the stator reactive power can be controlled by means of the DFIG current and respectively. The model of DFIG in d-q reference frame with stator field orientation shows that the rotor currents can be controlled independently. The reference rotor currents _ and _ are given by:
Synthesis of PI and Adaptive Fuzzy PI Controllers
The synthesis of PI controller and the combination between the fuzzy logic and PI controller, which PI parameters controller can be adjusted by an adaptive mechanism based on a fuzzy inference system are presented in this section. 
PI Synthesis
The transfer function of the open loop (TFOL) including the regulator is given by: = .
In the aim to compensate the constant of the time of system corresponding to the unfavorable pole from the viewpoint of the stability we can write:
where: = .
If the poles are perfectly compensated we can write:
The transfer function in closed loop (TFCL) can be written as the following:
Therefore:
Of the (25) and (28) equation we have:
Design of Adaptive Fuzzy Gain Scheduling of PI Controller
In this work, our objective is to improve the system performances as precision, stability, rapidity and robustness. To answer these requires, we are interested to develop a control strategy based on the online adaptation of the PI controller parameters by the fuzzy logic technique. The adaptive fuzzy gain scheduling of PI controller (AFGS-PI) in a predefined way allows the use this controller for the nonlinear systems control [24, 25] . The AFGS-PI is used to control the electromagnetic torque and the stator reactive power by means of the DFIG current and i respectively. Fig.4 show the block diagram of the adaptive fuzzy gain scheduler where the inputs and the outputs of the AFGPI are , and _ , _ respectively. 
A.1. Stability
The system relative stability is measured by the margin phase ( °) which corresponds to a gain unit (|G(S)| = 1 ):
The system before correction has a margin phase °= 90° for = 3070rd/s with a margin gain M = 0. 
The pulsation of cut is given by:
With:
= =
Therefore, controller PI will be placed at the pulsation of cut =55.8659. In this case the corrected system has always a phase margin equal to due to integral actions of PI controller. Pressing the harmonic response of the uncorrected system in the Bode plan (see Fig.7 ), we find that the PI controller can be placed at the pulsation forward of the pulsation = 3070rd/s so that the positive dephasing will be effective before the resonance pulsation of the uncorrected system, but without reducing the phase margin to avoid degrading the stability of the closed loop system or destabilize it completely. Finally, we can write:
11.3 3070 0.008 3.257
From the previous equation, we can determine the universe of discourse parameters of : and . 
A.2. Robustness
In the aim to test the robustness of the two controllers, the value of parameters has been changed as follows: variation of the rotor resistance Rr (+50%); variation of the stator, rotor and mutual self inductances (+20% ).
Simulation and interpretation
In this work, we mainly aim to develop the decoupling method between active and reactive powers and improve not only the system performances but also to keep its stability. The system parameters, MPP control and controller gains are given in Appendix A and B, respectively. For this purpose, the robustness evaluation of the adaptive fuzzy gain scheduling of proportional integral controller was carried out by considering parametric variation, namely: rotor resistance, stator, rotor and mutual self inductances using MATLAB/Simulink environment. Fig.8 shows clearly that the measured rotor and stator current components, active and reactive powers of the DFIG follow respectively their references according to table 2 where the nominal parameters are given in table 3 of the appendix A. However, for the case of the PI controller, they present the discrepancies at the changes moments of their reference values. As well as at changing the "d" component current. But, these discrepancies do not occur in the case of the AFGPI controller (see Fig.8 ). This is obviously visible at the right of the presented zooms figures. To test the robustness system proposed under the influence of parameter variations, the simulation results are shown in Fig.9 . It is noticed that the discrepancies and the overshoot (D) between the references and the real value are important, and that the response times (tr) are slower for PI controller compared to AFGPI controller. Under these conditions, the synthesis of this analysis is summarized in the following table. 
Conclusion
In this paper, a powers control strategy for doubly fed induction generator which provides decoupled control of active and reactive power is presented. However, the fact of the control of these powers separately permits to adjust the power factor of the installation and in consequence obtain better performance. Therefore, adaptive fuzzy gain scheduling of proportional integral controller was developed. To achieve, our works are validated through simulation studies on a 1.5 MW DFIG wind generation system compared with conventional proportional integral current control design. The simulation results show the effect of parameters variation for the two controllers which explains that the PI controller regulating performances degrades with the variation of the parameters. On the other hand, adaptive fuzzy PI control assures better performances because when the operating condition of system changes, the PI parameters are adjusted by the collection of "IF-THEN" fuzzy rules while remaining insensible to the variations of the parameters. A good performance and robustness quality of AFGPI controller are shown in the simulation results using software Matlab/Simulink. Appendix A. 
